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Abstract
Since no pretreatment method is foolproof for the removal of foulants in reverse osmosis (RO)
systems, the aim is to keep the production process efficiency as high as possible. In the vast
majority of RO desalination plants, biofouling of membranes is considered as one of the most
common operational problems. In this study, a full-scale seawater reverse osmosis (SWRO)
desalination plant which was subject to severe biofouling was investigated. Autopsy showed
higher biofilm concentrations near the inlet of the module likely due to the abundancy of nutrients.
A pilot-scale system including silicon carbide ultrafiltration (SiC-UF) membranes was established
in order to filter biological matter. According to the results of this study, SiC-UF membranes
appeared to be a reliable pretreatment method for removing almost 100% of all micro-organisms.
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1. Introduction
In the previous couple of decades, clean water supplies have become scarcer because of excessive
use and the higher rate of pollution in the water sources. Furthermore, drinking water quality
regulations have become more strict and the demand for drinking water is increasing due to the
increasing population [1]. Reverse osmosis (RO) is considered among the most cost-effective
ways to produce high-quality drinking water which lacks serious pathogenic micro-organisms and
pollutants [2].
In application of membrane-based technologies, membrane fouling has always been a major
challenge [3]. This phenomenon can increase the operational expenses significantly up to 50% [2,
4]. RO membranes like other membranes are vulnerable to fouling by means of a variety of
mechanisms.
Membrane fouling in RO systems can be categorized into four different groups, namely colloidal
fouling, organic fouling, biological fouling, and scaling [5, 6]. Biological fouling or biofouling
happens due to living microorganisms which are found in the feed water. Once they reach the
membrane surface, they stick to the surface and grow by using nutrients available in the feed. In
the next stage, they start to multiply and produce extracellular polymeric substances (EPS). The
result is the formation of a thin fouling layer known as the biofilm on the membrane surface. EPS
generally include heteropolysaccharides and defend bacterial cells from hydraulic shearing as well
as chemical effects of most biocides including chlorine. Biofouling is a complex phenomenon
since microorganisms can easily grow, multiply, and move. Thus, even a 4 log elimination of
microorganisms can result in a biofilm development [7, 8]. Additionally, RO active layers are
degraded by disinfectants like chlorine. That is why biological fouling has been considered as the
most serious problem of SWRO operational aspects [2, 8-10]. Based on a survey, 58 out of 70 RO
plants in US suffered from membrane fouling, in which the biofouling was reported as the most
frequent problem in operation [11]. On the other hand, about 70% of the SWRO plants suffer from
biofouling problems in the Middle East, the region where the highest amount of desalinated water
is produced [12]. What makes worse in the Middle East is the high temperature (above 25 ºC). In
the spiral wound membranes, the gap between membrane surface and the support layer provides a
suitable place for biofilm formation [13, 14]. It should be noted that the seriousness of biofouling
is inextricably linked to the characteristics of the feed water [10, 15-17]. The vulnerability of the
membranes to biofouling is also dependent on the membrane structure. In the case of a severe
bacterial attack, cellulose acetate membranes can be utterly decayed within a couple of weeks.
Polyamide hollow fibers might also be destroyed to some extent if the bacterial attack is not
controlled. In contrast, thin-film composite membranes have shown a good resistance [18].
In order to realize the biofilm directly, microscopic examinations can be done. However, for
indirect inspections, various measurements of the system performance can reveal the formation of
the biofilm such as permeate flux and solute rejection. Biofouling can lead to biodegradation of

the membranes by hydrolyzing the membrane polymer as well as acting as a second membrane
resulting in higher resistance [19].
Biofouling impacts include: (1) membrane flux decrease, (2) energy efficiency reduction, (3)
differential pressure increase, (4) membrane biodegradation, (5) lowered salt rejection efficiency,
(6) deterioration in product water quality and (7) uneven growth of biofilm that results in uneven
flow within the system. This last effect is worse in sections of lower flow rates, where fouling is
more probable [7, 13, 14, 20, 21].
Although no perfect standard indication of biofouling potential is identified, some indicators such
as silt density index (SDI) and is modified fouling index (MFI) are often used [9]. To achieve
minimized impact of colloidal fouling, the SDI should be below 3.
To minimize the fouling impacts, two attitudes are used. The first includes proper feed
pretreatment, membrane treatment, and membrane modification [22-24]. Recently, ultrafiltration
(UF) has attracted more attention as an effective way for pre-treatment of RO feed water rather
than conventional pre-treatment methods such as sand filtration [25-29]. The second attitude
involve strategies such as chemical cleaning, disinfection and aeration which has no permanent
effects and is performed to remediate the membrane and restore the membrane flux [30, 31].
In the vast majority of desalination units, chlorine is continuously injected to the intake water to
eliminate the microorganisms. To avoid oxidation of the membranes, sodium bisulfate (SBS) is
added before the RO modules. In spite the fact that biocide can kill the bacteria which cause the
biofilm formation, it usually has no effect on the formed biofilm. This ineffectiveness usually
occues because a dead biofilm can play the role of nutrients for new bacterial cells [10, 32].
It is not easy to predict the most abundant microorganism since the bacteria species is depended
on feed water quality, temperature, location. Howevere, bacteria such as Pseudomonas,
Corynebacterium, Bacillus, Arthrobacter, Flavobacterium, Aeromonas, Mycobacterium,
Acinetobacter, Cytophaga, Flavobacterium, Moraxella, Micrococcus, Serratia, Lactobacillus and
fungi such as Penicillium, Trichoderma, Mucor and Aspergillus have been detected on RO
membranes [14, 33].
Table 1 Typical cleaning solutions used [4]
Problem or foulant

Cleaning solution

Calcium carbonate scaling

2-4% hydrochloric acid

Biofouling or silica fouling

1-2% caustic (sodium hydroxide)

Organic fouling

5% salt / 1% caustic (mixture)

Several studies have been conducted to predict, control and remove biofouling of the RO
membranes. In a research by Kim et al., fouled RO membranes were collected [34]. After various

analyses, the results showed biofilm formation to be one of the main reasons of membrane fouling
in RO systems in VWS Korea.
Suwarno et al. [35] showed that higher flux rates can speed up the biofilm formation on the
membranes.
A tool known as membrane fouling simulator (MFS) was developed by Vrouwenvelder et al. [2]
to detect the membrane biofouling. In another study by Veza et al. [9] adenosine triphosphate
(ATP) was recommended as an indicator of biofouling potential.
In order to control biofouling of the RO membranes, biocides such as chlorine, ozone, and UV
were used by Kim et al. [13]. Among them, free chlorine was most frequently used but can oxidize
the membrane and form disinfection by-products [13]. Elsewhere, a combination of copper
sulphate dosing (CSD) and air/water cleaning (AWS) was proved to control the biofouling [36].
Sweity et al. [37] showed that despite the fact that scale formation in RO desalination systems can
be reduced using polyacrylate-based antiscalants, they can enhance the formation of biofilm on
the surface of the RO membranes. They also emphasized that the polyphosphate-based antiscalants can increase membrane biofouling since they are phosphorous-based nutrients.
It was demonstrated by Jamaly et al. [38] that membrane pretreatments (UF/NF) can be more
efficient for RO systems than conventional methods for combatting biofouling. Elsewhere,
lowering the SDI values of the feed water by means of UF and MF membrane pretreatment for
RO systems was carried out by Voutchkov [39]. Application of an electromagnetic field on the
surface of RO membranes can also reduce biofouling [40]. Al-Tisan et al. [41] studied the control
of biofouling under different pretreatment regimes in a specially designed SWRO pilot plant in
Saudi Arabia. They observed that coagulation and dual media filtration reduced bacterial number
in the feed by 32–100%. In this study, a membrane was autopsied from a full-scale seawater
reverse osmosis (SWRO) desalination plant and a severe biofilm formation was observed. Higher
biofilm concentration near the inlet of the module was likely due to abundancy of nutrients. To
remove biological matters, a pilot-scale system having silicon carbide ultrafiltration (SiC-UF)
membranes was established. Based on the results, SiC-UF membranes seemed to be a reliable
pretreatment method for removing almost of all micro-organisms.

2. Materials and methods
2.1 Water treatment plant and raw water quality data
The Pazargad SWRO desalination plant is designed for producing potable and service water and
is located in Asaluyeh on the coast of the Persian Gulf in the south of Iran. Seawater is taken by
means of 2 (1+1) vertical pumps through a 14-meter well. After ground filtration, raw water goes
through 3 (2+1) sand filter tanks with coarse, medium and fine layers. 3 (2+1) activated carbon
tanks are located in the next step which contain two silica layers on the bottom and one activated
carbon layer on the top. The final pretreatment stage is 3 cartridge filter vessels each of which

include 33 cartridge elements with a pore size of 5 µm. High pressure pumps send the filtered
water towards 3 (2+1) RO trains each of which have 8 pressure vessels, each containing 6 RO
elements. Operative process steps of the plant are illustrated in Fig. 1. The physicochemical
properties of the feedwater are listed in table 2.

Fig. 1. Schematic illustration of the full-scale Pazargad SWRO desalination plant in Iran, whose
membranes were studied in this study. The pretreatment stage includes ground filtration, multilayer sand filters, activated carbon, and cartridge filters. Filtered water is used as service water,
potable water, and flushing.

Table 2 Physicochemical characteristics of the feedwater
Parameter
pH
Ca2+

Result
8.2
520

Unit
mg/L

Mg2+

1,530

mg/L

Na+

15,537

mg/L

Cl–
SO42-

26,840

mg/L

3,440

mg/L

HCO3-

---

141

mg/L

2-

51

mg/L

TOC

2.8

mg/L

Viscosity
Total Suspended Solids (TSS)
Total Dissolved Solids (TDS)

1.05
92
48,052

cP
mg/L
mg/L

CO3

2.2 Membrane autopsy & sampling
A fouled spiral-wound reverse osmosis (RO) membrane element after a long term of operation
(seven years) was collected and unrolled to reveal if the membrane leaves had any problem. The
specification of the RO membranes is listed in Table 3.
Table 3 Specification of the RO membrane
Company Name
Country
Model
Membrane type
Diameter (inch)
Membrane Area (m2)
Minimum salt rejection (%)
Element length (mm)
Element width (mm)
Permeate width (mm)
Maximum feed water temperature (ºC)
Feed water pH range
Product flow rate (m3/d)

Toray
Japan
TM820H-370
Cross Linked Fully Aromatic
Polyamide Composite
8
34
99.5
1016
201
29
45
2-11
21

The fouled membrane surface was divided into 6 sampling locations so that the results could be
interpreted more explicitly. Fig. 2 shows the membrane surface classified into 6 different sampling
locations.

Fig. 2. Unrolled fouled membrane divided into 6 sampling locations, the membrane was in a
long term operation for almost seven years in Pazargad SWRO plant in Iran. The membrane
manufacturer was Toray, model TM820H-370.

2.2.1 Microbial number determination
A 1 × 1 cm2 square was cut from each of the 6 sampling locations on the fouled membrane surface.
Next, they were serially diluted and plated on Reasoner’s 2A (R2A) media plates followed by
incubation at 35°C for 48 h. The analysis was initiated immediately after collection in order to
minimize changes in the bacterial population. Microbial colonies were counted in terms of colony

forming units (CFU) using a colony counter. Heterotrophic plate count determination followed the
method (9215 C) of Standard Methods [42].
2.3 Feed water sampling
Numerous microscopic experiments were carried out in order to realize the specifications of microorganisms present in the feed water. Collection of samples and sample storage were based on
methods 1060 B and 1060 C of Standard Methods, respectively [42]. Biological examination of
the feed water was done according to method 10000 of Standard Methods [42].
2.4 SiC-UF pilot unit
In order to evaluate the effectiveness of membrane-based pretreatment of the feed water, SiC-UF
membranes, which are hard ceramic membranes made of silicon and carbon, were used. Therefore,
a pilot module (SiCFM-0826-SO-T-250-M1) including 12 flat sheet ceramic membranes with a
mean pore size of 0.1 µm was used to track the biological removal performance. The specification
of this module is given in Table 4. .
Table 4 Specificaiton of the SiC-UF module
Manufacturer

Cembrane

Membrane length (mm)

330

Membrane width (mm)

220

Membrane height (mm)

160
2

Active membrane surface (m )

0.826

Module weight (kg)
Distance between sheets (mm)
Maximum water flow (L/hr)
Maximum backwash pressure (bar)

9
6
870
3
5-80

Operating temperature (ºC)
Maximum suction pressure (bar)

Pore size (µm)

0.7
0.1

3. Results and discussion
3.1 Feed water
Images taken from microscopic experiments showed the existence of various micro-organisms in
the feed water (Figs. 3 and 4); namely Diatoms, Crustacea, Chlorophyceae, Protozoa, Rotifers,
and Cyanophyceae. A large proportion of the detected micro-organisms were identified as
Diatoms.

Fig. 3. Microscopic view of the feed water containing Rotifers and Crustacea. The feed water
was collected from the Gulf which was the source water of the desalination plant.

Fig. 4. Microscopic view of the feed water containing Protozoa. The feed water was collected
from the Gulf which was the source water of the desalination plant.

3.2 Membrane autopsy
As an evidence from Fig. 5, serious biofouling was obvious on the membrane surface after
unravelling the membrane element. The module had 24 leaves and in almost every single leaf, dark
matters which represent biofouling can be observed. At first glance, uneven growth of the biofilm
was observed which will be discussed further…

Fig. 5. Autopsied membrane suffering from severe biofouling. The membrane was in a long term
operation for almost seven years and the picture shows the middle of the module.

Microbial number detection was carried out for all 6 sampling locations of the membrane to realize
the CFU/cm2. A petri dish containing the fouled membrane is shown in Fig. 6. The number of the
colonies for each sampling location is listed in Table 5.

Fig. 6. Fouled RO membrane in petri dish

Table 5 Number of counted colonies
Sampling location number on the
membrane surface
1

CFU/cm2

2

700

3

500

4

1200

5
6

1400
1500

1000

The results from the microbial colony count in this study were in the ranges reported by Baker and
Dudley (i.e., 102–108 CFU/cm2)[43].

1200

Colony Forming Unit (CFU)

1000
1000

800

700
500

600

400

200
1

2

3

Membrane sampling location (along the length)
Fig. 7. Colony forming unit counted in the length of membrane. Sampling locations number 1
denotes the closest section to the feedwater inlet, while sampling location number 3 is the
furthest away.

Colony Forming Unit (CFU)

1600
1500
1400
1400
1200
1200
1000
1000
800
1

2

3

4

5

6

Membrane sampling locations (in depth, with 6
closest to the central permeate channel)
Fig. 8. Colony forming unit counted in the depth of membrane. Sampling locations 4, 5, and 6
move closer and closer to the center of the spiral-wound membrane.

Figs. 7 and 8 show the number of colonies in the length and the depth of the membrane. Since
along the length of the membrane (from input to output), the flux is higher in the beginning of the
element, colony numbers are higher. The results are in accordance with the investigation reported
by Suwarno et al. (i.e., faster growth due to higher flux rate) [35].The most important factor which
provides the beginning of the membrane a better area for the attachment and growth of the
microorganisms, is nutrient availability. Undoubtedly, nutrients which are necessary for biofilm
growth, are more abundant in the beginning of the element compared to the output of that. As a
result, when vigorous bacteria attach to the surface of the membrane, they can grow more in the
frontal area of the membrane. It should also be noted that common microorganisms are vulnerable
in high salinity environments as plasmolysis (loss of cellular water caused by an osmotic difference
across the cell wall resulting in outward flow of intracellular water which brings about the loss of
microbial activity and cell dehydration) is likely to happen. Since the salt concentration increases
along the length of the module, plasmolysis prevents microorganisms to grow as we move towards
end of the module, which could be another reason of high biofilm concentration in the beginning.
Along the depth (from the end of the membrane leaf towards the permeate channel), the flux
increases but the pressure decreases. In other words, shear stress in the depth is lowered so that the
biofilm could not be wiped from the membrane surface. Hence, the accumulation of colonies in
the depth is reasonable.

3.3 CFD modeling of RO module
CFD modeling was performed using the spec drawings for the RO modules used at the plant. The
analysis was done with the software wind tunnel CFD by NUMECA & Algorizk. The following
settings were used: while functions, immersed boundary method, advection second-order, and
maximum mesh (Grid Size of 300 X 534)

a)

b)

Fig. 9. Computational fluid dynamic (CFD) model of reverse osmosis module used in the plant,
displaying (from left to right) the feed inlet pipe, module entrance region, and beginning of the
membrane in an RO module in 2-D. Shown is a) the magnitude of the velocity profile in the system,
and b) “smoke” tracking lines that show how eddies occur in the module entrance region.
As seen in Fig. 9, the flow geometry in a reverse osmosis module with the operational feed flow
rates caused significant eddies in the entrance region (ReD = 5152). It is clear that with this
Reynold’s number, a stagnation zone occurs near the membrane, shown by flow slowing (purple)
across from the inlet and heading downward. The simple model also estimates faster flow through
the module across from the inlet, although a full system model with accurate pressures is needed
to predict magnitudes. Assuming stagnation flow, an order of magnitude for a stagnation front can
be calculated as ½ ρv2, pressure increases across from the feed inlet are on the order of 0.6 kPa
above that of other regions of the module. This is about 4% of the module pressure drop of 15 kPa,
indicating that inlet flow conditions are sufficient to have a small effect on flow velocities and thus
on fouling. It is also possible that the circulation effects may impact the motion of small particles
that are either nutrients for biofilms or organisms themselves.
There are many caveats for drawing any conclusions from such a simple model. More advanced
modeling is needed to truly estimate the effects, as the 2-D assumption, while computationally far
easier, neglects important effects of eddies that would occur in a cylindrical geometry.
Furthermore, the entire membrane length should be modeled with appropriate accounting for
pressure drops from the spacers to really determine the accurate flow distribution that will occur.

Commented [NS1]: Membrane?

Such complexities are beyond the scope of the study, but this model does convey the insight that
flow rates are anticipated to be quite variable in different regions of the RO module.
3.4 SiC-UF pilot unit
By considering the high potential of feed water to cause membrane biofouling, seawater was
filtered by SiC-UF membranes prior to SWRO desalination. The fine pore size of the membranes
captured almost all biofoulants. The robustness of the membrane and the ability to backwash the
fouled matter, were distinctive features for this kind of membranes. Fig. 10 and tables 6 and 7
show the removal of microbial and biological contents by means of the pilot membranes.

Table 6 Microbial experiments comparing the feed and the SiC-UF filtered water
Water type

Heterotrophic bacteria (CFU/ml)

Feed water

10

Filtered water

0

Table 7 Microbial experiments comparing the feed and the SiC-UF filtered water
Water type

Fecal coliforms (MPN/100 ml)

Total coliforms (MPN/100 ml)

Feed water

10

10

Filtered water

0

0

880

Number of microorganisms detected

900

Feed water
Filtered water

800
700
600
500
400

420
340

300
200
100

0

0

1

0

24

0

10 0

0

0

Type of microorganisms

Fig. 10. Comparison between the number of micro-organisms in the feed and the SiC-UF filtered
water

4. Conclusion
Weekly chemical cleaning of RO membranes in the Pazargad SWRO desalination plant was a
critical issue since electrical conductivity of permeate water exceeded the accepted limit. In this
study, an autopsy of the fouled membranes showed that biofilm formation was one of the major
causes of membrane fouling in the system. Biofoulants on the RO membrane were unevenly
distributed and deposited because of the different nutrient concentration. SiC-UF membranes were
tested to ensure their efficiency in micro-organism removal. Results demonstrated that SiC-UF
membranes as a pretreatment strategy were capable of removing almost 100% of the microorganisms in the feed water. In other words, using SiC-UF membranes could be an effective and
promising technology to control membrane biofouling.
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